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Abstract
We study phenomenological constraints in a simple SEχy extension of the Standard Model
(SM) with a 125 GeV Higgs, a vectorlike heavy electron (E), a complex scalar electron (S) and a
standard model singlet Dirac fermion (χ). The interactions among the dark matter candidateχ and
the standard model particles occur via loop-induced processes involving the Yukawa interaction
SEχy. The model is an explicit perturbative realization of so-called magnetic dark matter. The
field content allows for a cancelation of quadratic divergences in the scalar masses at one-loop,
a phenomenon which we refer to as perturbative naturality. The basic model is constrained
dominantly by direct detection experiments and its parameter space can be nearly entirely covered
by up-coming ton-scale direct detection experiments. We conclude this work by discussing
different variations of the model.
Preprint: CP3-Origins-2013-048 DNRF90, DIAS-2013-48
∗Electronic address: frandsen@cp3-origins.net
†Electronic address: sannino@cp3-origins.net
‡Electronic address: shoemaker@cp3-origins.net
§Electronic address: svendsen@cp3-origins.net
1
ar
X
iv
:1
31
2.
33
26
v2
  [
he
p-
ph
]  
7 A
pr
 20
14
I. INTRODUCING THEMODEL
After the discovery [1, 2] of a new resonance with properties similar to the standard
model (SM) Higgs particle, it is relevant to investigate minimal perturbative and non-
perturbative extensions of the SM that can include dark matter candidates.
The SEχy model [3] is a perturbative example. In addition to a 125 GeV Higgs H, the
model includes a vector-like heavy electron (E), a complex scalar electron (S) and a SM
singlet Dirac fermion (χ) as dark matter (DM) interacting via the Yukawa operator SEχy.
In this paper we focus on the DM phenomenology and the naturality of the model,
assuming the new states to be elementary and the DM a thermal relic 1. The phenomeno-
logical analysis is performed without assuming any degree of naturality of the theory.
However, to gain insight on some more natural values of the couplings we will require
perturbative naturality, in the form of the vanishing of the quadratic divergences of the
scalars H,S masses [11, 12]. We refer to [13, 14] for a general classification and examples
of the various possible extensions of the SM with respect to various degrees of naturality
and associated predictive power. Furthermore, setting aside naturalness, the vacuum sta-
bility of the model and its interplay with gravitational corrections near the gravitational
transition scale have been investigated in [15]. As we shall see the model is dominantly
constrained by current direct detection experiments, in particular LUX [16] while con-
straints from LHC on the invisible width of the Higgs are subdominant in the considered
parameter range.
The model Langrangian features, in addition to the SM one, the following renormaliz-
able terms [3]:
LSEχy = LSM + χ¯i/∂χ −mχχ¯χ + Ei /DE −mEEE − (SEχy + h.c.)
+ DµS†DµS −m2SS†S − λHSH†HS†S − λS(SS†)2 , (1)
where Dµ = ∂µ − ie swcwZµ + ieAµ, sw and cw represent the sine and cosine of the Weinberg
angle. The gauge and self coupling for the Higgs come from:
DµH†DµH − µ2H†H − λ(H†H)2 . (2)
1 If the Higgs sector of the SM is (strongly) natural and described by new strong dynamics we can imagine
this new sector as an effective description with H,S,E, χ being composite, e.g. [4, 5]. The first lattice
simulations of minimal models of composite DM appeared in [6–10].
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We assume the new couplings y, λHS and λS are real and the bare mass squared of the
S field is positive so that the electroweak symmetry breaks via the SM Higgs doublet (H).
The interactions among χ, our potential dark matter candidate, and the SM fields occur
via loop-induced processes involving the SE¯χy operator in (1).
A similar model with S,E both SU(2)W doublets and a splitting of the dark matter
fermion into different Majorana mass eigenstates was considered in [17] while related but
more minimal models with EW singlet S, χ is discussed in [14, 18–20]. We discuss simple
variations of the model at the end of the paper.
II. RELIC DENSITY OF DARK SEχy
We being our study by assuming χ constitutes the DM of the universe and that the DM
abundance is determined from thermal freeze-out of χ when its annihilation rate drops
below the expansion rate of the Universe.
A. Annihilation cross-sections in the early Universe
There are two options for the annihilation channels: 1) DM can annihilate through one-
loop induced interactions to SM final states; or 2) DM can annihilate directly at tree-level
to E+E− pairs through the SEχy operator. In both cases of course, a given channel will
only be open (or at least not strongly suppressed) if the DM mass exceeds the mass of the
final state particles. We will assume that the heavy electron can mix with the SM-leptons
and decay.
Annihilation into SM final states can occur via s-channel photon, Z or Higgs exchange
Lχ−SM = λχ2 χσµνχF
µν − sw
cw
λχ
2
χσµνχZµν + λhχh χχ (3)
where the magnetic dipole moment λχ, and induced χ-Higgs coupling are given respec-
tively by
λχ(q2) =
F2(q2)e
2mχ
, λhχ = vy2λHSAhχ (4)
where F2(q2) is the electromagnetic form factor, and the loop-factor AHχ is given in [3].
3
When mS = mE  mχ,mh the two couplings are well-approximated by
λχ(0) ' ey
2
32pi2mS
, λhχ ' vy
2λHS
32pi2mS
. (5)
1. The magnetic photon/Z annihilation process
The annihilation via the above Z and photon dipole interactions lead to [21]
σγ/Z
χχ¯→ f f¯ vrel = λ
2
χ
N fCαβ f
3
[
(Q fPγ −
v fPZ
2 cos2 θW
)2(s + 2m2f ) + (
a fPZ
2 cos2 θW
)(s − 4m2f )
]
(s + 8m2χ)
(6)
σγ/Zχχ¯→WW vrel =
λ2χαβWs
24
(Pγ − PZ)2
s2 + 20sm2W + 12m
4
W
m4W
(s + 8m2χ) (7)
σγ/Zχχ¯→ZH vrel =
λ2χ|~p|
2
√
s
(
m2Z
mW cos2θ
PZ)2(1 +
|~p|2
3m2Z
)(s + 8m2χ) (8)
where N fC is a color factor with N
`
C = 1 for leptons and N
q
C = 3 for quarks, βi =
√
1 − 4m2i /s,
Q f is the charge of the fermion and a f , v f are the ratios of vector and axial-vector couplings
of the fermions to the Z boson: a f = T3f , v f = T
3
f − 2Q f sinθ2W.
Finally Pγ = s−1 and PZ =
(
(s −m2Z) + imZΓZ
)−1
are the propagators of the photon and
the Z-boson respectively and ~p is the momentum of the Z (or H).
Note that in isolation both the photon andZ contribution to theχχ→WW annihilation
channel grow with the energy, but their sum does not. Also, the quoted annihilation cross-
sections into WW and ZH are via the photon and Z moment interaction respectively. The
decay modes into ZZ and γγ via two magnetic moment vertices are suppressed by two
additional powers of λχmχ (with the mχ factor appearing due to helicity) and remain
subdominant decay modes.
2. The Higgs portal annihilation process
The annihilation via the Higgs moment to SM final states gives (e.g [18]):
σhχχ¯ vrel =
λ2hχβ
2
χ
16pi
[
(s −m2h)2 + (Γhmh)2
]  ∑
V=W,Z
sV
(
2m2V
v
)2 (
2 +
(s − 2m2V)2
4m4V
)
βV +
∑
f
N fCy
2
f s β
3
f

(9)
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where sZ = 1/2 and sW = 1, βi =
√
1 − 4m2i /s, and y f are the SM Yukawa couplings.
3. The t-channel annihilation process via S
We finally consider the case in which χ is sufficiently heavy to annihilate into the heavy
electron E through a t-channel exchange of the S scalar, which can occur when mχ > mE.
The associated cross section is an s-wave and reads:
〈σSχχvrel〉 =
y4
(
mE + mχ
)2
8pi
(
m2E −m2X −m2S
)2
√
1 − m
2
E
m2χ
+ O(v2). (10)
The lower limit on the mass of E, mE > 393 GeV [3], implies that this annihilation channel
will only be relevant for heavy DM.
B. Relic Density Calculation
To treat the thermal relic abundance properly near the Higgs resonance, we follow [22]
and carry out the thermal averaging of the cross section explicitly, yielding
〈σvrel〉 =
∫ ∞
4m2χ
ds
s
√
s − 4m2χ K1
(√
s/T
)
16Tm4χK22
(
mχ/T
) σvrel, (11)
where Kn(x) is a modified Bessel function of the n’th kind. This is used to iteratively solve
for the freeze-out temperature, TF
xF ≡ mχTF = log
 mχ2pi3
√
45M2P
2ge f fxF
〈σvrel〉
 (12)
and finally compute the relic abundance via
ΩDMh2 =
1.07 × 109xF√ge f fMp〈σvrel〉 , (13)
where ge f f (T) are the effective energy degrees of freedom, and MP is the Planck mass. We
use the values of ge f f (T) given in the DarkSUSY code [23] which include the improved
QCD equation of state from [24].
5
III. PHENOMENOLOGY
Before we examine the detailed phenomenology from recent experiments it is useful to
asses the status of the model based on LEP data. First all DM models must be consistent
with the observed invisible decay width of the Z boson, which agrees well with the
SM value. This coupling arises in our model at 1-loop and can be relevant when it is
kinematicically accessible, mχ < MZ/2. The constraint from the invisible Z width was
investigated in [3] where it was found that the constraint is always well-satisfied for
y < 4pi.
Furthermore, constraints arising from contributions to the oblique parameters are also
easily satisfied by the scalar S and the fermionE. Corrections to S, T, andU in the presence
of heavy scalars [25] and vector-like fermions [26] vanish at 1-loop for SU(2) singlets.
Let us now examine the phenomenology of the model arising from recent experimental
data.
A. Direct Detection
For the Higgs mediated interactions, we write the χ-nucleon couplings as
fp,n = λhχ
mp,n
vm2h
 ∑
q=u,d,s
f p,nTq +
2
9
f p,nTg
 (14)
where the coefficients f p,nTq , f
p,n
Tg = 1 −
∑
f p,nTq are taken from [27]. To calculate the direct
detection limits, we then compute the resulting bound following from the χ-nucleus cross
section
dσ
dER
=
mN
2piv2
(
Z fp + (A − Z) fn
)2
F2(ER) (15)
where ER is the nuclear recoil energy, mN is the nuclear mass, v is the incoming DM
velocity, and F(ER) is the nuclear form factor. Note that in this case one can roughly
estimate the constraint from simply rescaling the quoted limits on the spin-independent
DM-nucleon cross section, σSI =
(
µp/µN
)2
σN/A2.
Whereas in the case of the magnetic moment interaction, we follow [28] and use the
differential χ-nucleus cross section
dσ
dER
=
αEMλ2χ
ER

[
1 − ER
v2
(
2mN + mχ
2mNmχ
)]
Z2F2(ER) +
(
λ¯nuc
λp
)2 ER
v2
mN
3m2p
F2SD(ER)
 , (16)
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where λ¯nuc is an isotope weighted dipole moment of the nucleus and FSD is a form
factor for the spin-dependent part of the scattering - the spin-dependent contribution
to the scattering is negligible for the XENON experiments we are interested in here.
For astrophysics, we will throughout assume a Maxwell-Boltzmann velocity distribution
with a dispersion v0 = 220 km/s and an escape speed vesc = 544 km/s. We will not explore
the impact of astrophysical uncertainties in direct detection here, but note work in this
direction [29–41].
The first data from LUX [16] was recently released with an exposure of 10, 065 kg–days.
Our analysis follows that employed in [42]. The collaboration quotes an upper limit of
2.4 signal events for DM masses < 10 GeV [43], with up to 5.3 events allowed for larger
masses. To be conservative we apply a limit of 5.3 signal events to the whole mass range.
To compute the number of signal events, we convolve the rate of nuclear recoils from DM
scattering with the Poisson probability to produce the number of photoelectrons detected.
We use the acceptance provided by [16], and the energy-dependent absolute light-yield
given in [43], with a sharp cutoff at 3 keV. This procedure is found to reproduce the limits
given by the collaboration.
We also include projections for the future of direct detection that will be achieved in
the near-term. First we mock-up a future LUX sensitivity by simply assuming all detector
details remain the same but that the exposure is a factor 5 times larger than LUX’s existing
exposure. This will be achieved with ∼ 1 year of data. This is shown in each panel of
Fig. 1 as the dashed green line.
Next, we estimate the sensitivity of XENON1T [44] with a 3 tonne-year exposure.
Here we use a simplified treatment by taking the acceptance to be a flat 45% in the 2-30
keV energy window, and zero elsewhere. This is similar to other existing projections of
XENON1T in the literature [45]. We exclude at 90% CL cross sections that yield more
that 2.3 signal events, using Poisson statistics under the assumption that the collaboration
reaches their goal of < 1 background event in the fiducial region.
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B. Higgs Invsisible Decays
The Higgs DM coupling given in Eq. (5) also gives rise to an invisible decay width of
the Higgs into the Dirac DM
Γ =
mh
8pi
λ2hχβ
3
χ (17)
For Majorana DM the decay width is half of the above result. From the results of [46], one
deduces the 2σ estimate
Brinv ' Γ[H→ 2χ]
ΓSM + Γ[H→ 2χ] ≤ 0.25 , (18)
where the first ' is a very good approximation in our model since the only decay mode
that is modified compared to the SM Higgs is the two-photon decay mode.
To get a rough upper(lower) bound on λχ(mS) we take ΓSM ∼ Γbb¯  Γχχ¯, mχ  mh and
thus get
λ2hχ
3λ2b
< 0.25 , i.e.
y2λHS
pi2
v < mS . (19)
For O(1) couplings this limit, applicable for mχ < mh, allows mS well below the weak scale
while for the coupling values we will be interested y, λSH of the order of a few the limit
is of the order of a TeV. In Fig. 1 we show the limit without these approximations as the
blue curves.
C. Higgs decays to two-photons
The Higgs decay width to two photons is modified by the presence of the new scalar
state S which interacts with both the Higgs and the photon. At one-loop level the decay
width is
Γ[h→ γγ] = α
2
EWGFm
3
h
128
√
2pi3
∣∣∣∣∣∣∣∑i Nc,iQ2i F f ,i + FW +
(
λHSv2
2m2S
)
FS
∣∣∣∣∣∣∣
2
, (20)
where Nc is the number of colors and Q is the charge of a given particle contributing to
the process. Using the notation τ = 4m
2
m2h
, the loop functions Fi for fermions, bosons and
scalars are
FW = 2 + 3τ + 3τ(2 − τ) f (τ),
F f = −2τ(1 + (1 − τ) f (τ)),
FS = −τ(1 − τ f (τ)),
(21)
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where
f (τ) =

(
arcsin
√
1/τ
)2
if τ ≥ 1
−14
[
log
(
1+
√
1−τ
1−√1−τ
)
− ipi
]2
if τ < 1.
(22)
Approximating the relevant loop-factors by FW + Ft ' −6.5, FS ' 0.34 their asymptotic
values, the ratio of the di-photon partial width to the SM-Higgs one becomes
µγγ =
Γ[h→ γγ]
Γ[hSM → γγ] ∼ (1 −
λHSv2
20m2S
) (23)
while the currently measured values are: µATLASγγ = 1.33+0.21−0.18 [47] and µ
CMS
γγ = 1.05 ± 0.36
[48]. Thus from a naive combination we require mS >
√
λHS
2 v within 2σ. Unless the quartic
coupling is near the perturbative limit λHS ∼ 4pi the reduction of the Higgs width is small
compared to the current limit. Moreover from Fig. 1 it follows that the modification is
negligible compared to the expected sensitivity of LHC in the parameter regions where
the SEχy model can provide the correct relict density and is not yet ruled out by data.
D. Results
We present the combined constraints in Figure 1. The remaining viable regions are
near the Higgs pole and in a 2-5 TeV window dominated by annihilation into E+E− pairs.
The main tension arises from the very strong limits from direct detection. While
the Higgs portal interaction for annihilation depends on the coupling λHS, the direct
detection sensitivity is dominantly determined by the photon dipole interaction, and is
thus insensitive to λHS. Thus the LUX/XENON1T and relic abundance curves can be
shifted relative to each other from varying λHS. The right panel of Fig. 1 demonstrates
that unless λHS is ∼ 4pi, the Higgs resonance region will not be a viable option for the
thermal relic density.
IV. IMPROVING ON NATURALNESS
So far we have concentrated on the phenomenological aspects of the SEχy extension of
the SM with emphasis on the DM phenomenology. We learned (see Fig. 1) that large values
of the portal coupling, while still remaining within the perturbative regime, open the
window of the DM parameter space compatible with experiments. We will momentarily
9
LUX H85 daysL
WDM h2 = 0.1187
BRh®inv
S
E +
Χ
LUX´ 5
h  ΓΓ
XENON1T
50 100 500 1000 5000
10
100
1000
104
105
106
mX HGeVL
m
S
HG
eV
L
y=2, ΛHS=4.1
LUX H85 daysL
WDM h2 = 0.1187
BRh®inv
S
E +
Χ
LUX´ 5
h  ΓΓ
XENON1T
50 100 500 1000 5000
10
100
1000
104
105
106
mX HGeVL
m
S
HG
eV
L
y=2, ΛHS=4Π
FIG. 1: Detailed comparison of constraints on the SEχy model for y = 2, mE = 400 GeV,
for λHS = 4.1 (left panel) and 4pi (right panel). We display in red the constraint arising
from the requirement that S decays, S→ E + χ where E decays further. Blue shows the
limit from requiring BR(h→ inv) ≤ 25%, whilst green shows the LUX limit arising
from the Higgs portal interaction. Black dotted shows the limit from the ATLAS/CMS
limit on h→ γγ. We also indicate the sensitivity of LUX with a factor 5 increase in
exposure, and a XENON1T projection. See text for analysis details.
see that these values of the portal coupling are, in fact, predicted by imposing the one-loop
vanishing of the quadratic divergences of the scalar-masses in the theory.
From the Lagrangian in (1) and following [14] we determine the following quadratically
divergent terms for the physical Higgs state h and extra scalar S two point functions:
δm2h =
(
−6y2t + 34(g
2 + g′2) +
3
2
g2 + 6λ + λHS
)
Λ2
16pi2
,
δm2S =
(
−2y2 + 2λHS + 3g′2 + 4λS
) Λ2
8pi2
. (24)
Here Λ is some given energy scale, higher than the electroweak scale, above which the
present description is modified. The couplings are, however, evaluated at the electroweak
scale. Because the top-Yukawa and the Higgs self couplings are experimentally known
requiring these two equations to vanish [11, 12] leads to the constraints:
λHS ∼ 4 , y ∼
√
4 + 2λS . (25)
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Furthermore stability of the theory requires λS ≥ 0 implying from (25) y & 2. The
perturbative expansion is in αyt = y2t /4pi, αy = y
2/4pi, αλ = λ/4pi, αλHS = λHS/4pi and
αλS = λS/4pi insuring that we remain within the perturbative regime of the theory.
Requiring cancellation of the quadratic divergences of the scalar operators renders,
at least in perturbation theory, the electroweak scale more stable, and the full theory
(according to the renormalization group analysis) more natural. This is because scalar
mass terms are relevant operators driving the theory towards the highest scale in the
problem, typically the scale of new physics or, in absence of the latter, the gravity transition
scale [15]. A general classification of the various shades of naturality appeared recently
in [14]. Because naturality is ensured perturbatively we are not allowed to investigate
energy scales much higher than the ones accessible within a perturbative renormalization
group approach.
We have associated the concept of degrees of naturality of a theory to the absence or
to the softening, at the quantum level, of relevant operators destabilizing the low energy
physics scale. The virtue of this mathematical definition is that it is free from ambiguities
being deeply rooted in the renormalization group concept.
In addition to the concept of naturality, however, one can also discuss the more delicate
issue of fine-tuning of a theory with respect to the stability of the electroweak scale.
Following [49, 50], for example, for each unknown parameter pi of the theory one can
determine ∆i as follows
∆i ≡
∣∣∣∣ pim2Z ∂m
2
Z
∂pi
∣∣∣∣ = ∣∣∣∣δm2Zm2Z
∣∣∣∣ . (26)
Here mZ is the Z mass and represents the electroweak scale. The degree of fine-tuning is
then defined to be the quantity ∆ given by either one of the following definitions
∆ ≡Max {∆i} , or ∆ ≡
√∑
i
∆2i . (27)
For example ∆ = 10 would imply a tuning of one part in ten of mZ. One can, in principle,
use as reference scales for our theorym2h, andm
2
S rather thanm
2
Z. We assume, for simplicity,
λ, yt to have a fixed value and vary Λ (the scale of new physics), λHS and λSy ≡ y2 − 2λS
and determine ∆h and ∆S given by:
∆h ≡
√
(∆h
Λ
)2 + (∆hλHS)
2 , ∆S ≡
√
(∆S
Λ
)2 + (∆SλSy)
2 . (28)
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FIG. 2: An illustration of the impact of different fine-tuning definitions for ∆h = 10 (left
panel) and ∆S = 10 (right panel).
The conditions used in (24), by construction, naturally minimize the dependence on the
cutoff scale Λ and therefore the quantities ∆h
Λ
and ∆S
Λ
. In particular, for the values of the
couplings given in (25) these two terms vanish. In other words, to the one-loop level, we
are not sensitive to the variation of the cutoff scale Λ assuming the relations given in (25)
are valid at the electroweak scale. We illustrate in Fig. 2 the relation between the value of
the couplings at the electroweak scale and the cutoff assuming a tuning of ∆h
Λ
= ∆S
Λ
= 10.
Clearly the apparent independence of the theory on Λ when assuming (25) is not valid
to higher orders and therefore the associated fine-tuning analysis must be taken with a
grain of salt.
We now turn to the definition of fine-tuning given in (28). If we require ∆h = ∆S = 10
we obtain the (left-most) red curves of the two panels of Fig. 2. It is clear that the major
contributions to the fine-tuning come, for large values of the couplings, from ∆hλHS for the
left panel and ∆SλSy for the right one. This is obvious from the definition of these quantities.
Furthermore it is ∆h, associated to the lowest energy scale, to provide the strongest
constraint on Λ and therefore we can concentrate on this quantity. Our conclusions are
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therefore that if we assume perturbative (delayed) naturality, a well defined concept,
the couplings are expected to be near the ones given in (25). However if we ignore the
renormalization group naturality argument and use instead the fine-tuning definition
given in (28), the highest cutoff scale we can access is Λ ' 3 TeV for λHS around half of
the value assumed requiring perturbative naturality. Higher order corrections will be
considered elsewhere
V. CONCLUSIONS, VARIATIONSONTHE THEME, ANDANON-MAGNETIC EXAMPLE
We have shown that the mass of the DM candidate in the SEχy model is constrained
by direct detection experiments to be in the range 0.5 − 5 TeV, as is clear from Fig. 1.
The region of DM masses around half the Higgs mass is severely constrained, although
not completely excluded yet for very large values of the Higgs portal coupling. For the
associated masses and couplings the model is beyond the reach of LHC sensitivity.
In the near future we expect stronger constraints to come from direct detection ex-
periments that will surpass the present sensitivity of XENON100 and LUX. To rule out
the Higgs resonance region, as well as the high mass region for large portal couplings,
roughly a factor ∼ 2 improvement in the cross-section limit (√2 in mS limit) is needed
— still without taking into account uncertainties in astrophysical halo parameters. This
should be nearly possible with 300 live days of LUX as expected at the end of 2015.
Throughout this study we assumed charge (equally hypercharge) assignments Q(S) =
Q(E) = −ne with n = 1, though one could consider more general assignments n , 1. If
n is fractional, E cannot decay and stable fractionally charged particles are very strongly
constrained. If n is an integer larger than one, the dominant direct detection cross-section
is increased by n2 while the dominant annihilation cross-sections, i.e. the Higgs pole and
t-channel exchange of S are unaffected. From Fig. 1 it follows that n & 2 are ruled out with
perturbative couplings (y2 < 4pi, λHS < 4pi). We are thus left with |n| = 1 for magnetically
interacting dark matter.
A different modification of the model that allows for a significant weakening of direct
detection altogether is to introduce a mass splitting δ(χ2L +χ
∗
R
2) [51] between the two Weyl
components ofχ = (χL, χR), such that the magnetic moment becomes a transition magnetic
moment between the new mass eigenstates. Direct detection limits are significantly
13
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FIG. 3: Here we plot the relic abundance (solid black) and direct detection constraints
on the Sχχ model from [14]. Current LUX constraints exclude the shaded green
region, while a LUX projected sensitivity with a factor 5 increase in exposure is
indicated by the dashed green curve. The tree-level S scalar mass mS = 541 GeV arises
as a prediction from the Veltman conditions as discussed in [14].
weakened even with a modest value of δ ∼ O(100) keV [51].
We conclude by discussing the case in which the scalar S is a real singlet and χ is
taken to be a SM singlet Weyl fermion. An intriguing version of this model was recently
analyzed in [14] where the model was required to simultaneously break the electroweak
symmetry via the Coleman-Weinberg mechanism and the quadratic divergences for the
scalars were set to zero, at the electroweak scale, as done for the SEχy case above.
The model Lagrangian is given in Eq. (52) of [14] where it was shown that the model
predicts a one-loop generated mass for the Higgs of 126 GeV and a tree-level mass for S
of about 540 GeV. Here we simply modify Eq. (52) of [14] by adding an explicit Majorana
mass term for the fermion of the model. It is straightforward to show that this addition
does not change the predictions for the Higgs and S masses, but allows to investigate
χ as possible cold thermal-relic DM candidate. In this model the Coleman-Weinberg
analysis requires, at the tree-level and at the electroweak scale, a vanishing of the Higgs
self-coupling while the cancellation of the quadratic divergences fix the portal coupling
14
to have a value of around λHS ≈ 4.84. Simultaneously stability of the S potential requires
a Yukawa coupling of the Sχχ interactions to be larger than about y ≈ 1.55.
Assuming these values of the couplings we demonstrate in Fig. 3 that the model
provides viable thermal relic dark matter, for a mass of χ near half the Higgs mass.
Importantly, the direct detection limits are weaker than for the SEχy model because here
scattering on nuclei proceeds entirely through the Higgs portal, rather than the SEχy
magnetic moment. This also means that, in contrast with SEχy, it is not possible to shift
the LUX and relic abundance curves relative to each other since they both go through the
same Higgs interaction.
Intriguingly, we see from Fig. 3 that the prediction for the S scalar mass of 541 GeV
from [14] is consistent both with the thermal relic and present direct detection constraints.
Near-term improvements from direct detection will be able to fully test the remaining
parameter space.
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